Proteinase inhibitor (PI) accumulation has been described as a plant defense response against insects and pathogens. The induction of PIs is known to be regulated by endogenous chemical factors including phytohormones. We studied the induction of barley chymotrypsin and trypsin inhibitory activities by aphid infestation, mechanical wounding, abscisic acid (ABA) and jasmonic acid (JA). Wounding experiments led to a minimal accumulation of PI activity (16 % over controls) compared to that found in barley seedlings infested by aphids, where chymotrypsin inhibitor activity showed a two-fold increment. No systemic induction could be detected in healthy leaves of an infested or mechanically injured plant. Exogenous ABA applied on barley leaves increased the chymotrypsin inhibitory activity, while JA only increased trypsin inhibitory activity locally and systemically when applied exogenously. Our data suggest that two different mechanisms may be regulating the induction of these two types of inhibitors. 
Introduction
Proteinase inhibitors (PIs) have been recognized as an important group of proteins involved in plant defense (Koiwa et al. 1997) . The accumulation of PIs has been described not only * E-mail corresponding author: casarett@biology.wustl.edu upon attack by herbivorous insects (Green and Ryan 1972) or by fungal infection (Rickauer et al. 1992) , but also by wounding (Peña-Cortés et al. 1995) . The induced expression of PIs is also systemic, which has led to the proposal of chemical elicitors and some plant hormones to participate in this process (Koiwa et al. 1997 , and references therein). Abscisic acid (ABA) has been proposed to upregulate the expression of the proteinase inhibitor II in potato and in ABA-deficient mutant tomato, where the mRNA levels are similar in ABA treated or wounded plants (Peña-Cortés et al. 1995) . Jasmonic acid (JA) is also known to mediate the induction of PIs (Turner et al. 2002) . JA and its volatile ester methyl jasmonate (MEJA) strongly induce the accumulation of inhibitors I and II when applied to potato and tomato leaves (Farmer et al. 1992) .
Inhibitors of trypsin, chymotrypsin and microbial proteases are the most common PIs in barley and are present mostly in seeds, although they are also found in vegetative tissues (Boisen 1983) . Nevertheless, there is little information on the regulation of PI induction in cereals compared to what is known for dicotyledonous plants. A Bowman-Birk trypsin inhibitor-related protein was found to accumulate by wounding in maize and translocation of the transcript has been demonstrated between organs of the maize seedling (Eckelkamp et al. 1993, Rohrmeier and Lehle 1993) . Another proteinase inhibitor from maize (MPI) was shown to be induced both locally and systemically by fungal infection, mechanical wounding, ABA and MEJA (Cordero et al. 1994) and by insect feeding (Tamayo et al. 2000) . Amino acid sequence of MPI reveals homology to the potato inhibitor I family, but the highest homology (60 %) is found with the barley chymotrypsin inhibitors CI-1 and CI-2. In barley, JA is known to play a role in defense responses by promoting the synthesis thionins, small polypeptides with antifungal activity involved in the defense against pathogens (Andresen et al. 1992 ).
We have previously described that aphid infestation promotes an increase of trypsin and chymotrypsin inhibitory activities in barley seedlings (Casaretto and Corcuera 1998) . In this work, we study the effect of the phytohormones ABA and JA on the PI activity in barley leaves and compare the responses to those observed with aphid infestation or mechanical wounding. We report that chymotrypsin and trypsin inhibitory activities are increased by ABA and JA, respectively. The possibility of systemic induction of PIs is also analyzed.
Materials and Methods

Plant material
Barley (Hordeum vulgare L.) seedlings cv. Frontera were grown in pots with vermiculite and irrigated daily with a nutritive solution (Phostrogen  , Bayer). Plants were cultivated in a growth chamber at 22˚C
( ± 2˚C) and a photoperiod of 14 h of light.
Aphid infestation and mechanical wounding
Barley seedlings were infested with 40 nymphs of the aphid Schizaphis graminum Rondani biotype C per plant. Infestations were done in the whole primary leaf of seven-day-old plants, the lower half of the primary leaf leaving the upper half free of aphids, or in the first leaf of eleven-day-old plants leaving the second one (approximately 4 cm long) free of aphids. Mechanical wounding was performed by punching the surface of the leaves with the tip of a 100 µm glass needle (40 wounds per plant).
ABA and JA treatments
Detached leaves of seven-day-old plants were floated on water or on aqueous solution of different concentrations of ( ± )-abscisic acid (Sigma) or ( ± )-jasmonic acid (Sigma). Incubations were performed at 22˚C under constant light. For systemic induction assays, eleven-dayold seedlings were cut at the base and the first leaf was incubated with the hormones inside culture tubes placed horizontally and sealed with parafilm, leaving the second leaf outside the tube. Whole detached leaves were used including the tip, since no significant difference in PI activities were observed between the lower and upper halves.
Analysis of ABA
ABA determination was performed according to a method described previously (Kettner and Dorffling 1987) . Leaves cut in 1 cm segments (5 g) were extracted overnight in 25 mL of 85 % (v/v) ethanol. The extracts were passed through a Millipore filter (0.2 µm). ABA was separated using a Lichrosphere 100 RP 18 HPLC column (Lipp 1991 . Quantification was done at 236 nm using ( ± ) cis, trans-ABA (Sigma) as standard. The identity of ABA isolated by HPLC, was confirmed by direct injection into a Hewlett Packard HP 5989A (Palo Alto, CA, USA) mass spectrometer. Sequential extraction of the leaves showed 90 % recovery of endogenous ABA in the first extraction, 7 % in the second and about 3 % in the third. In addition, when different amounts of standard hormone (ABA) were added to the samples, ABA was recovered quantitatively with similar 90 % efficiency, also indicating that no interfering substances were present.
Proteinase inhibitor activity
The determination of chymotrypsin and trypsin inhibitory activity was performed as described before (Casaretto and Corcuera 1998) . Briefly, leaves were ground in a cold mortar and pestle with 50 mmol/L TrisHCl buffer, pH 8.0 (3 mL buffer g -1 tissue) containing 10 mmol/L 2-mercaptoethanol and 5 % (w/v) PVP-40, then filtered with a cheesecloth and centrifuged at 20,000 g for 30 min. The supernatant was used as a crude extract to measure inhibitory activity. PI activity was measured spectrophotometrically by means of inhibition of sterase activity of trypsin and chymotrypsin using the method described elsewhere (Schwert and Takenaka 1955) . Both enzymatic activities were measured at 25˚C. The assays were initiated with the incubation of 0.1 mL of the extract with 5 µg of trypsin ( Results are expressed as percentage of activity compared to control plants (3 measurements ± s.e.). The activities of non-infested controls at time 0 were as follows: chymotrypsin inhibitors, 85 ± 3 UI µg -1 protein; trypsin, 83 ± 2 UI µg -1 protein. PI activity in seven to twelve-day-old control plants did not varied more than 4 % for chymotrypsin and 3 % for trypsin inhibitors (Casaretto and Corcuera 1998) . Asterisks denote significant difference (p < 0.01) from control plants (time 0).
Results
PI activities induced by aphids and mechanical wounding
Aphid infestation of barley plants leads to the accumulation of PIs, especially inhibitors of chymotrypsin (Casaretto and Corcuera 1998) . Thus, we studied the effect of mechanical wounding on PI activities in the leaves of young barley plants. In all treatments, increments of PI activity never exceeded 16 % over the controls for chymotrypsin inhibitors or 14 % for anti-trypsin activity (Figs. 1A and 1B, respectively) . During the time course of the experiment, PI activity due to mechanical wounding was always lower than the activity observed in infestation experiments. In addition to the puncture assays in the whole leaves, other means of mechanical wounding using clamps were tried, with no different outcome. As previously observed (Casaretto and Corcuera 1998) , the peak activity (a 100 % increase) of chymotrypsin inhibitor activity occurred between 48 and 72 h of infestation with aphids (Fig. 1A) . Increased PI activities were not detected systemically, but only in infested leaves. Chymotrypsin inhibitor activity increased not only in the infested zones, but also in upper half of leaves infested in the lower half (Fig. 2 A) . Accumulation of trypsin inhibitor activity was detected only in infested zones (Fig. 2 B) . Artificial wounds led to a small response of chymotrypsin inhibitors (24 % over controls) only in the wounded part of the leaf (Fig. 2 A) . No systemic induction of PI activity was observed in the second untreated leaf, when the first leaf from the same plant was infested or wounded (Fig. 2 ).
A B
ABA and JA enhance different PI activities in barley
The signal transduction pathway that regulates the production of PIs includes the participation of phytohormones such as ABA and JA (Koiwa et al. 1997) . To test whether these hormones could play similar roles in barley, chymotrypsin and trypsin inhibitory activities were monitored in barley leaves treated with ABA or JA.
Following ABA treatment, chymotrypsin inhibitory activity increased up to 51 % over the untreated plants, while trypsin inhibitor activity remained virtually unchanged (Fig. 3 A) . JA treatment, however, resulted in an increased trypsin inhibitory activity (ca. 40 % over the control plants), with no changes of anti-chymotrypsin activity (Fig. 3 B) . In both cases, the maximum activity was reached after 24 h of treatment with the hormones (Fig. 4) . Similar PI activity levels were also detected in non-exposed leaves of plants with only the first leaf treated with JA (Fig. 5) . Chymotrypsin inhibitory activity was not induced systemically by ABA (data not shown). Comparable results were obtained either by incubating detached barley leaves or spraying whole plants with both hormones. For instance, 114 ± 10 UI µg -1 protein (44 % over control plants) of chymotrypsin inhibitory activity and 109 ± 8 UI µg -1 protein (31% over control plants) of trypsin inhibitory activity were observed 24 h after been sprayed with 50 µmol/L ABA and 40 µmol/L JA, respectively (data not shown). These results suggest that these two classes of PIs may be differentially regulated by ABA and JA. Aphid infestation promotes dehydration of barley seeedlings (Cabrera et al. 1995) . To test whether ABA accumulation due to infestation or any dehydration condition can trigger increase of PI activity, ABA levels and chymotrypsin inhibitory activity in barley seedlings under different conditions were measured. Infested plants with high ABA levels (567 ± 32 pmole g -1 f.wt., a five-fold increment over controls) presented over two-fold increase of chymotrypsin inhibitory activity (Table 1) . ABA also increased in the non-infested part (upper half) of an infested leaf (52 % over controls) that presented a moderate increment (50 %) of chymotrypsin inhibitory activity. However, water stressed plants, also with high ABA concentration (668 pmole g -1 f.wt.), showed no induced PI activity. In addition, treatment of barley leaves with exogenous ABA led to similar endogenous ABA concentrations to that found in infested plants, but although anti-chymotrypsin activities increased significantly, they were always lower than that detected in infested leaves. These data demonstrate that the aphid-induced PI activity is independent of dehydration and suggest that, in addition to ABA, aphid-induced damage may promote a signal event that is required for a higher activity of chymotrypsin inhibitors. Figure 2 . Water stress assays consisted in suppressing the daily watering of seven day-old barley seedlings for the next 4 days. Determination of ABA and PI activity was done from cut primary leaves (whole leaf, upper or lower halves). Exogenous ABA was applied by incubating leaves in ABA solutions for 24 h. Chymotrypsin inhibitory activity of whole control leaf was 80 ± 2 UI µg 
Discussion
Proteinase inhibitor activities increase in response to aphid feeding on barley leaves (Casaretto and Corcuera 1998) . In this work we describe a differential regulation of chymotrypsin and trypsin inhibitors in barley. Chymotrypsin inhibitory activity increased upon ABA treatment, while trypsin inhibitory activity was induced by exogenous JA. Furthermore, only a small increment of PI activities was found in response to mechanical stress. Even though most hormone-induced genes in barley are not induced by wounding as it occurs in many dicot species (Lee et al. 1996) , few cases of wound response in barley have been reported. Expression of the MLO defense regulator barley gene increases in response to wounding and fungal infection (Piffanelli et al. 2002) . In addition, transcription of the lipoxygenase1 (LoxA) gene has been shown to be MEJA-and wound-inducible in barley leaves (Rouster et al. 1997) . In the same way as many JA-induced barley genes do not respond to wounding, PIs are probably barely affected by such stress. This response may also be less evident throughout different developmental stages of the plants. Whether part of the response to aphid infestation is due to insect regurgitants rather than physical damage is unknown and much difficult to determine. Besides disrupting leaf tissues with their stylets, aphids release several potential elicitors in their saliva (Miles 1999 ). Damage from phloem-feeding aphids is perceived by activating not only the JA-dependent, wounding related signaling pathway, but also the SA-dependent pathway (Walling 2000 , Moran and Thompson 2001 , Kessler and Baldwin 2002 . Although SA accumulation has been reported in aphid-infested plants, including wheat (Mohase and van der Westhuizen 2002) and barley (Chaman et al. 2003) , the possibility that SA-dependent responses are correlated with resistance to aphids is still debatable (Moran and Thompson 2001 , Mohase and van der Westhuizen 2002 , Chaman et al. 2003 .
ABA and JA elevated PI activities in barley (Fig. 3) . ABA treatment increased only anti-chymotrypsin activity, the same activity that augmented the most during infestation, though ABA-treated leaves with high endogenous ABA did not presented high PI activity as infested plants did. It is likely that ABA accumulation in infested barley plants may be partly responsible for the increment of chymotrypsin inhibitory activity. A simulation of the high levels of endogenous ABA by means of water stress did not result in increased PI activities (Table  1) , which indicates that chymotrypsin inhibitory activity induced by aphid infestation is independent of dehydration. It has been shown that the level of endogenous ABA increases upon dehydration and with increasing aphid density (Cabrera et al. 1995) . With 20 aphids per plant, for example, endogenous ABA starts to elevate 24 h after infestation and peaks at 72 h, and the water potential is comparable to that of water stressed plants (Cabrera et al. 1995) . With 40 aphids per plant, ABA levels could peak sooner, which would correlate with the peak of chymotrypsin inhibitory activity (Fig. 1 A) . It has been suggested that ABA may act directly over osmotic stress responses, and simultaneously, it may be involved in defense genes transcription along with other factors such as JA (Hildmann et al. 1992) . Evidence on the participation of ABA in the induction of PIs derives from molecular and genetic analyses (Xu et al. 1993 , Peña-Cortés et al. 1995 , De Leo et al. 2001 ). Birkenmeier and Ryan (1998) have shown, however, that ABA does not induce systemic woundresponse genes in tomato. These authors suggested that ABA is involved in maintaining the physiological conditions of plants so that they can respond to wounding.
On the other hand, JA treatment could only affect the antitrypsin activity even at higher levels than those observed in infestation experiments (Figs. 1 and 3) . Moreover, exogenous JA also increased trypsin inhibitory activity in untreated leaves (Fig. 5) , what was not detected in infestation assays. This may be explained by a rise in SA levels in infested plants that counteracts a JA induction of PIs, since pathogeninduced SA is known to inhibit wound-induced JA production and JA-elicited gene expression (Kessler and Baldwin 2002 , and references therein).
Our data suggest that different regulatory mechanisms may participate in the induction of these two classes of inhibitors in barley. Different signaling pathways mediated by ABA and JA has been described for barley (Wasternack et al. 1995 , Lee et al. 1996 , Ortel et al. 1999 ). The present work proposes PI regulation as another example of ABA-or JAdependent signaling. The existence of similar independent pathways regulating PIs has also been suggested for other species. In tomato the negative regulator abi1 can block the ABA induction, but not the JA induction of the pin2 gene (Carrera and Prat 1998) . A soybean Cys PI (Botella et al. 1996 ) and a rice Bowman-Birk PI (Rakwal et al. 2001 ) have been shown to be induced by wounding and JA, but not by ABA.
The lack of systemic induction of PI activity upon infestation or mechanical wounding is not surprising. Although acquired resistance induced by insects or pathogens has been demonstrated in most cereals (Mohase and van der Westhuizen 2002) , in barley and wheat only local acquired resistance has been reported (Kogel et al. 1994) . Similarly, induced PI activity was only detected in infested leaves (Fig. 2) . This observation however, does not rule out the possibility that a systemic signal may exist in barley since JA was able to induce PI activity in untreated leaves (Fig. 5) . Systemic induction of PIs has also been demonstrated in rice (Xu et al. 1993 ) and maize (Eckelkamp et al. 1993 ). In addition, because very low levels of endogenous JA have been found in barley leaves (Andresen et al. 1992) , airborne communication via JA is unlikely. PI activities in barley leaves were not affected by exogenous ethylene (data not shown). Unexpectedly, MEJA did not affect PI activities as JA did when sprayed over barley leaves, perhaps because MEJA was not absorbed efficiently. It would be interesting to study the endogenous levels of jasmonates when cereal plants undergo physical damage such as an insect infestation.
Different PIs have shown some toxicity towards sap-sucking pests when reared on artificial diets (Tran et al. 1997 , Casaretto and Corcuera 1998 , Foissac et al. 2002 , and recently, protease digestion has been detected in rice sap-sucking insects (Foissac et al. 2002) , suggesting that the accumulation of PIs may play a role in protecting cereals from insects such as aphids. Further studies will help to elucidate the regulatory mechanisms of PI accumulation in several crop species including cereals.
